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Introduction {#sec005}
============

GDM, which is defined as a group of glucose and lipid metabolism disorders \[[@pone.0170490.ref001]\], severely threats fetal perinatal period and growth of offspring in the long term \[[@pone.0170490.ref002]--[@pone.0170490.ref004]\]. It is generally considered that the neonates born to diabetic mothers have an increased risk for macrosomia. Macrosomia is accompanied by more risks of dystocia, neonatal asphyxia, neonatal hypoglycemia and perinatal death. Besides, many studies confirme that GDM-induced macrosomia has the long term risk of diabetes, obesity and other metabolic dysfunctions later in life \[[@pone.0170490.ref005], [@pone.0170490.ref006]\].

Previous studies confirme that macrosomia fails to effectively reduce despite diabetic mothers have acceptable glycemic index control \[[@pone.0170490.ref007]\]. Alterations of placental protein induced by GDM are believed to play a critical role in the transport of glucose and fatty acid to fetal \[[@pone.0170490.ref008]\]. Collectively, it is conceivable that fetal growth is largely determined by expression of proteins related to placental glucose and fatty acid metabolism, in addition to maternal blood glucose levels.

AMPK signaling pathway is a new research direction of glucose and fatty acid metabolism \[[@pone.0170490.ref009]\]. The significantly decreased protein expression level of p-AMPK in GDM placenta is associated with macrosomia \[[@pone.0170490.ref010]\], but the underlying mechanism is unclear \[[@pone.0170490.ref011]\]. Increasing evidence suggests that Cav-1, as the hub of the signaling pathway, plays an important role in the development of diabetes through regulating glucose and fatty acid metabolism \[[@pone.0170490.ref001], [@pone.0170490.ref012]--[@pone.0170490.ref015]\]. Cav-1 widely involves in AMPK signaling pathway via increasing phosphorylation of ACC to inhibit the cellular fatty acid synthesis \[[@pone.0170490.ref016]\]. In skeletal muscle cells, phosphorylation of AMPK can be promoted by exercise via Cav-1, resulting in inducement of GLUT4-mediated glucose uptake \[[@pone.0170490.ref017]\]. Similar regulation also exists in diabetic myocardial cells \[[@pone.0170490.ref018]\], however, there is a lack of relevant evidence regarding the regulatory role of Cav-1 in participating in GLUT1-mediated glucose metabolism and ACC-mediated fatty acid metabolism via AMPK signaling pathway in placenta of GDM-induced macrosomia.

Concerning the crucial role of Cav-1 in glucose and fatty acid metabolism, and the clinical significance of GDM induced-macrosomia, our study highlights the importance of Cav-1 in placental glucose and fatty acid transports via AMPK signaling pathway, to investigate the role of Cav-1 in GDM induced-macrosomia and provide a new perspective on prevention and treatment of GDM induced-macrosomia.

Materials and Methods {#sec006}
=====================

Ethics statement {#sec007}
----------------

This study was approved by the research ethical committee of Taishan Medical University and written informed consent was provided by all volunteers.

Subjects {#sec008}
--------

According to the unified GDM diagnosis criteria of the international diabetes and pregnancy study group (IADPSG) \[[@pone.0170490.ref019]\], the pregnancy woman were divided into GDM group (n = 26) and NGT group (n = 26), age 23--40 years old. Placentas of the neonate were classified into three groups based on the diagnostic criteria of macrosomia, consisting of GDMM group (n = 13), GDMN group (n = 13) and randomly selected CON group (n = 13).

Sample collection {#sec009}
-----------------

Placentas were received from pregnant women vaginal delivery or cesarean sections. To reduce the degradation of RNA and protein, approximately 1cm^3^ of placental tissue were obtained from the fetal surface immediately following delivery. After removed, the tissue was quickly washed with ice-cold NS. Then placed in marked frozen tube to store at -80°C for further protein and mRNA extraction.

Western blotting {#sec010}
----------------

Western blotting on Cav-1, GLUT1, p-ACC(Ser79), ACC, AMPKα and p-AMPKα(Thr172) was performed on placental tissues from GDMM, GDMN, CON groups. Homogenized samples were extracted with the mixture consisted of 99% of radioimmunoprecipitation assay (RIPA) and 1% of phenylmethylsulfonyl fluoride (PMSF), Bicinchonininc acid (BCA) was used to protein quantification. Total protein were denatured by boiling at 100°C for 5 min following adding protein 4 × Buffer. 12% resolving and 4% stacking polyacrylamide gels (Solarbio Bio Inc., Shanghai, CHINA) with a Bio-Rad system (Bio-Rad, Shanghai, USA) were used to isolate target protein from 40ug of protein samples. Then, protein proteins were transferred to PVDF membranes at 80V for 60 min in ice cold transferring buffer and blocked in 10% skimmed milk at 4°Covernight. The PVDF membranes were incubated with different antibodies at 4°Covernight: Rabbit polyclonal to Glucose Transporter GLUT1 (Abcam, ab14683, USA, 1:1800), rabbit Anti-Cav-1(SANTA CRUZ Bio Inc, sc-894, USA, 1:1500), ACC rabbit mAb (Cell Signaling Technology Inc, \#3676, USA, 1:800), anti-p-ACC(Ser79) rabbit mAb (Cell Signaling Technology Inc, 11818S, USA, 1:800), AMPKα rabbit mAb (Cell Signaling Technology Inc, 2603S, USA, 1:1200), p-AMPKα(Thr172) rabbit mAb (Cell Signaling Technology Inc, 2535, USA, 1:1200) and rabbit anti-GAPDH (Cwbio, CW0101M, CHINA, 1:1200). and incubated with Goat Anti-Rabbit IgG, AP Conjugated (Cwbio, CW0111S, CHINA, 1:2200) for 2.5 h at least at room temperature. Using the BCIP/NBT Alkaline Phosphatase Color Development Kit (Cwbio Bio Inc., Beijing, CHINA) indicated the positive target strips. The relative protein expression used VisionWorks LS of BioSpectrum Imaging System.

RNA extraction and cDNA synthesis {#sec011}
---------------------------------

Total RNA was extracted from 60 mg of placental tissue using the TRIzol method (Invitrogen, Life technologies, USA), using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA) quantified RNA concentration. 20ul of total reaction system was reverse transcribed to cDNA with the SuperRT cDNA Synthesis Kit (Cwbio Bio Inc., Beijing, CHINA) in Eppen-dorf Thermocycler (Eppendorf AG, Hamburg, Germany), consisted of 4ul of dNTP Mix and 5×RT Buffer, 2ul of Primer Mix, 1ul of SuperRT and sample RNA and 8ul of RNase-Free Water briefly. The thermocycling parameters: 50 min at 42°C, 5 min at 85°C.

Real-time polymerase chain reaction (RT-PCR) {#sec012}
--------------------------------------------

Cav-1, GLUT1, ACC and AMPKα mRNA expression levels in placenta from GDMM, GDMN, CON groups were determined by real-time polymerase chain reaction. Primers sequences were as follow: `5’-TGGCATCAACGCTGTCTTCT-3’` (GLUT1-F), `5’-CTAGCGCGATGGTCATGAGT-3’` (GLUT1-R), `5’-ACCTCAACGATGACG TGGTCAAGA-3’` (Cav-1-F), `5’-TGGAATAGACACGGCTGATGCACT-3’` (Cav-1-R), `5’-GCT GCTCGGATCACTAGTGAA-3’` (ACC-F), `5’-TTCTGCTATCAGTCTGTCCAG-3’` (ACC-R), `5’-ACTGTACCAGGTCATCAGTACACC-3’` (AMPKα-F), `5’-CCACCATATGCCTGTGACAA -3’` (AMPKα-R), `5’-GAAGATGGTGATGGGATTTC-3’` (GAPDH-F), `5’-GAAGGTGAAGGTC GGAGTC-3’` (GAPDH-R). RT-PCR was performed on cDNA using LightCycler 96 Real-Time PCR System with UltraSYBR Mixture (With ROXI) (Cwbio Bio Inc., Beijing, CHINA). Each sample was configured to a 25ul reaction volume, and GAPDH was used as reference gene. Reaction conditions were as follows: pre-denaturation at 95°C for 10 min, followed by 45 cycles of denaturation at 95°C for 30 sec, annealing at 52°C for 40 sec and extension at 72°C for 40sec. To ensure primer specificity, we set a melt-curve after the 45 amplification cycles (95°C for 5 sec, 65°C for 60 sec and 97°C for 1 sec).

Statistics {#sec013}
----------

The clinical characteristics datas and differential expression of placental protein and mRNA were input and analyzed by GraphPad Prism 5.0 database. All results were presented as mean±SD, *P*\<0.05 was considered as significant. The differences of baseline clinical datas between GDM and NGT group were assessed by one-sample t test. The placental mRNA and protein expression in three groups were analyzed using the single factor analysis of variance (ANOVA) analysis followed by Student-Newman-Keuls. Pearson correlation analysis was used to measure the relationship between NBW and the levels of mRNA and proteins, and the relationship of the protein exepression of Cav-1 to p-AMPKα(Thr172), p-ACC(Ser79), GLUT1.

Results {#sec014}
=======

General characteristics of pregnant women {#sec015}
-----------------------------------------

Maternal baseline characteristics are displayed in [Table 1](#pone.0170490.t001){ref-type="table"}. In the second trimester, fasting blood glucose (FBG) levels in GDM group was higher 1.01mmol/l than NGT group (p\<0.001). While, no obvious difference of FBG was observed in the third trimester (p\>0.05). Moreover, there were no significant differences of maternal age, height, primipara and blood pressure between GDM and NGT group (p\>0.05). In addition, two cases of family history of diabetes existed in GDM group, but not in NGT group.

10.1371/journal.pone.0170490.t001

###### Maternal Baseline clinical characteristics of the research population.

![](pone.0170490.t001){#pone.0170490.t001g}

                                      NGT            GDM            
  ----------------------------------- -------------- -------------- -------
  Age (year)                          28.52±3.40     29.76±4.50     0.345
  Height (cm)                         160.90±4.67    162.40±4.36    0.273
  Primipara                           16 (61.5%)     15 (57.7%)     
  Family history of diabetes (n, %)   0 (0%)         2 (7.7%)       
  Blood pressure                                                    
      Systolic pressure (mmHg)        118.42±10.96   119.71±11.00   0.804
      Diastolic pressure (mmHg)       77.96±7.63     76.12±8.58     0.196
  Maternal fasting glucose                                          
      The second trimester(mmol/l)    4.62±0.24      5.63±0.70      0.000
      The third trimester (mmol/l)    4.46±0.24      5.09±1.15      0.121

Neonatal characteristics {#sec016}
------------------------

The neonatal examination results checked within one hours after birth was shown on [Table 2](#pone.0170490.t002){ref-type="table"}. Compared with NGT group, NBW in GDM group was significant higher (p = 0.0002). 13 cases of macrosomia were all born in GDM group. Equally, the average neonatal birth length (NBL) in GDM group was also at a higher level (p = 0.009). While, the neonates of two groups had no statistic differences in gestational age, gender proportion, placental weight and umbilical cord length.

10.1371/journal.pone.0170490.t002

###### Neonatal characteristics.

![](pone.0170490.t002){#pone.0170490.t002g}

                               NGT           GDM           
  ---------------------------- ------------- ------------- --------
  Gestational Age (week)       39.78±1.50    39.46±1.19    0.417
  Gender                                                   
      Male (n, %)              15, 58        14, 54        
      Female (n, %)            11, 42        12, 46        
  Neonatal birth Weight (g)    3120±168.5    3974±390.2    0.0002
  Macrosomia (n, %)            0 (0)         13 (50)       
  Birth Length (cm)            50.96±0.88    53.40±1.56    0.009
  Placental weight (g)         509.1±47.86   525.2±62.66   0.326
  Umbilical cord length (cm)   54.35±6.96    55.76±5.85    0.449

Correlation between NBW and maternal FBG {#sec017}
----------------------------------------

An positive correlation between NBW and maternal FBG (second trimester) was found in all patients (r = 0.686; p = 0.000; [Fig 1A](#pone.0170490.g001){ref-type="fig"}). While, we could not observe any correlation between levels of NBW and maternal FBG (third trimester) (r = 0.2374; p = 0.2150; [Fig 1B](#pone.0170490.g001){ref-type="fig"}).

![The relationship between maternal fasting blood glucose (FBG) levels and neonatal birth weight (NBW).\
(A) Pearson correlation analysis of the relationship between maternal FBG (second trimester) and NBW. (B) Correlation analysis between maternal FBG (third trimester) and NBW.](pone.0170490.g001){#pone.0170490.g001}

Alterations of protein levels of Cav-1 and AMPK signaling pathway related proteins {#sec018}
----------------------------------------------------------------------------------

To explore the role of Cav-1 in the metabolism of glucose and fatty acid in placenta, we detected alterations of proteins expression of Cav-1 and AMPK signaling pathway related proteins in GDMM, GDMN and CON groups. Results were shown in [Table 3](#pone.0170490.t003){ref-type="table"} and [Fig 2](#pone.0170490.g002){ref-type="fig"}.

![Protein levels of Cav-1, GLUT1, p-ACC(Ser79), p-AMPKα(Thr172), AMPKα and ACC in placenta.\
(A) A representative image of Western blots for GLUT1, Cav-1, p-ACC(Ser79), p-AMPKα(Thr172), AMPKα and ACC in placenta from each group. GAPDH was used to verify equivalent loading. (B-G) Graphic representation of relative abundance of Cav-1, GLUT1, p-AMPKα(Thr172), p-ACC(Ser79), AMPKα and ACC normalized to GAPDH. Data are presented as Mean ± SD of thirteen samples from each group. \*p\<0.05, \*\*p\<0.01 vs CON group; \#p\<0.05, \#\#p\<0.01 vs GDMN group.](pone.0170490.g002){#pone.0170490.g002}

10.1371/journal.pone.0170490.t003

###### Protein levels of Cav-1, GLUT1, p-AMPKα(Thr172), p-ACC(Ser79), AMPKα and ACC in placental tissue.

![](pone.0170490.t003){#pone.0170490.t003g}

         Cav-1                                                                                     GLUT1                                                                                     p-AMPKα(Thr172)                                                                           p-ACC (Ser79)                                                                           AMPKα       ACC
  ------ ----------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------- ----------- -----------------------------------------------------------------------------------------
  CON    0.96±0.13                                                                                 0.34±0.03                                                                                 0.69±0.18                                                                                 0.45±0.04                                                                               0.94±0.03   0.79±0.07
  GDMN   0.86±0.06[\*](#t003fn001){ref-type="table-fn"}                                            0.38±0.02[\*\*](#t003fn002){ref-type="table-fn"}                                          0.55±0.21[\*](#t003fn001){ref-type="table-fn"}                                            0.33±0.02[\*](#t003fn001){ref-type="table-fn"}                                          0.93±0.06   0.81±0.07
  GDMM   0.76±0.07[\*\*](#t003fn002){ref-type="table-fn"}[\#\#](#t003fn004){ref-type="table-fn"}   0.44±0.06[\*\*](#t003fn002){ref-type="table-fn"}[\#\#](#t003fn004){ref-type="table-fn"}   0.32±0.08[\*\*](#t003fn002){ref-type="table-fn"}[\#\#](#t003fn004){ref-type="table-fn"}   0.22±0.03[\*\*](#t003fn002){ref-type="table-fn"}[\#](#t003fn003){ref-type="table-fn"}   0.98±0.08   0.89±0.04[\*\*](#t003fn002){ref-type="table-fn"}[\#\#](#t003fn004){ref-type="table-fn"}

\**P*\<0.05

\*\**P*\<0.01 *vs* CON group

^\#^*P*\<0.05

^\#\#^*P*\<0.01 *vs* GDMN group.

### Lower protein levels of Cav-1 in GDM-induced macrosomia {#sec019}

Placenta of GDM-induced macrosomia had significantly lower protein levels of Cav-1 compared to both CON and GDMN groups (p\<0.05; [Fig 2B](#pone.0170490.g002){ref-type="fig"}). In addition, Cav-1 in GDMN group was lower than CON group (p\<0.01; [Fig 2B](#pone.0170490.g002){ref-type="fig"}).

### Increased proteins levels of GLUT1 and ACC and decreased proteins levels of p-AMPKα(Thr172) and p-ACC(Ser79) in GDM-induced macrosomia {#sec020}

Placenta in GDMM group owned the highest GLUT1 ([Fig 2C](#pone.0170490.g002){ref-type="fig"}).and ACC protein expression ([Fig 2G](#pone.0170490.g002){ref-type="fig"}). While, proteins levels of p-AMPKα(Thr172), p-ACC(Ser79) in GDMM group were all significantly lower than both GDMN and CON group (p\<0.05; [Fig 2D and 2E](#pone.0170490.g002){ref-type="fig"}). Interestingly, compared with the CON group, the relative expression of GLUT1 protein in GDMN group was significantly increased (p\<0.05; [Fig 2C](#pone.0170490.g002){ref-type="fig"}), while p-AMPKα(Thr172) and p-ACC(Ser79) protein expression was significantly decreased (p\<0.05; [Fig 2D and 2E](#pone.0170490.g002){ref-type="fig"}). In addition, the total AMPKα protein levels was not significantly changed ([Fig 2F](#pone.0170490.g002){ref-type="fig"}).

Relationship between the protein levels of Cav-1 and AMPK signaling pathway related placental proteins and NBW {#sec021}
--------------------------------------------------------------------------------------------------------------

To evaluate the effects of alterations of Cav-1 and placental proteins associated with glucose and fatty acid metabolism on fetal growth, we performed Pearson correlation analysis on relationship of NBW and proteins levels. Our study showed that NBW was positively related to GLUT1 protein levels (p\<0.05; [Fig 3D--3F](#pone.0170490.g003){ref-type="fig"}). While, Cav-1 (p\<0.05; [Fig 3A--3C](#pone.0170490.g003){ref-type="fig"}), p-AMPKα(Thr172) (p\<0.05; [Fig 3G--3I](#pone.0170490.g003){ref-type="fig"}) and p-ACC(Ser79) (p\<0.05; [Fig 4A--4C](#pone.0170490.g004){ref-type="fig"}) were all have a negative relationship with NBW. Interestingly, there were no relationship between AMPKα with NBW, ACC protein levels had positive relationship with NBW in GDMM group, but not in GDMN group.

![Relationship between NBW and placental protein levels of Cav-1, GLUT1 and p-AMPKα(Thr172).\
(A-C) Relationship between NBW and placental Cav-1 protein levels in all groups (A, n = 39), GDMN group (B, n = 13) and GDMM group (C, n = 13). (D-F) Relationship between NBW and GLUT1 protein levels in all groups (D, n = 39), GDMN group (E, n = 13) and GDMM group (F, n = 13). (G-I) Relationship between NBW and p-AMPKα(Thr172) protein levels in all placenta (G, n = 39), GDMN group (H, n = 13) and GDMM group (I, n = 13); r = Pearson's correlation coefficient.](pone.0170490.g003){#pone.0170490.g003}

![The relationship of between NBW and protein levels of p-ACC(Ser79), AMPKα and ACC.\
(A-C) Relationship between NBW and placental p-ACC(Ser79) protein levels in all groups (A, n = 39), GDMN group (B, n = 13) and GDMM group (C, n = 13). (D-F) Relationship between NBW and AMPKα protein levels in all groups (D, n = 39), GDMN group (E, n = 13) and GDMM group (F, n = 13). (G-I) Relationship between NBW and ACC protein levels in all placenta (G, n = 39), GDMN group (H, n = 13) and GDMM group (I, n = 13); r = Pearson's correlation coefficient.](pone.0170490.g004){#pone.0170490.g004}

Relationship between the protein levels of Cav-1 and AMPK signaling pathway related proteins {#sec022}
--------------------------------------------------------------------------------------------

In order to further explore the role of Cav-1 in GDM-induced macrosomia, we analyzed the association of Cav-1 with the protein levels of GLUT1, p-AMPKα(Thr172) and p-ACC(Ser79).

### Positive correlation between Cav-1 and p-AMPK, p-ACC {#sec023}

In placenta, Both p-AMPK ([Fig 5A--5C](#pone.0170490.g005){ref-type="fig"}) and p-ACC ([Fig 5D--5F](#pone.0170490.g005){ref-type="fig"}) protein expression were positively associated with Cav-1 protein expression (p\<0.05). A similar relation were also found between p-AMPK and p-ACC (p\<0.05, Fig G-I).

![The relationship of p-AMPK, p-ACC and Cav-1 protein levels in placenta.\
(A-C) Respectively, Pearson correlation of Cav-1 with p-AMPK in all groups (A), GDMN group (B) and GDMM group (C). (D-F) Pearson correlation analysis of the relationship between Cav-1 and p-ACC in all groups (D), GDMN group (E) and GDMM group (F). (G-I) Relationship between p-AMPK and p-ACC protein levels in all placenta (G), GDMN group (H) and GDMM group (I).](pone.0170490.g005){#pone.0170490.g005}

### Reversed correlation between Cav-1 and GLUT1 {#sec024}

GLUT1 protein levels in placenta had a negative correlation with Cav-1 (p\<0.05, [Fig 6A--6C](#pone.0170490.g006){ref-type="fig"}), but no significant correlation with p-AMPK (p\>0.05, [Fig 6D--6F](#pone.0170490.g006){ref-type="fig"}).

![The relationship between Cav-1, p-AMPK and GLUT1 protein in placenta.\
(A-C) Pearson correlation analysis of Cav-1 protein levels versus GLUT1 in all group (A), GDMN group (B) and GDMM group (C). (D-F) p-AMPKα(Thr172) protein levels versus GLUT1 in all group (D), GDMN group (E) and GDMM group (F).](pone.0170490.g006){#pone.0170490.g006}

Alteration of mRNA levels of Cav-1 and AMPK signaling pathway related proteins in placenta {#sec025}
------------------------------------------------------------------------------------------

To compare the mRNA levels of GLUT1, Cav-1, ACC and AMPKα in GDM, GDMN and CON placenta, thirteen amples from each group were analyzed by realtime-PCR. As shown in [Table 4](#pone.0170490.t004){ref-type="table"} and [Fig 7](#pone.0170490.g007){ref-type="fig"}, the relative mRNA levels of Cav-1 were lowest in GDMM group (p\<0.05; [Fig 7A](#pone.0170490.g007){ref-type="fig"}), with highest expression of GLUT1 (p\<0.05; [Fig 7B](#pone.0170490.g007){ref-type="fig"}), inhibited ACC and AMPKα (p\<0.05; [Fig 7C and 7D](#pone.0170490.g007){ref-type="fig"}) compared to both CON and GDMN groups. While there was no significant difference between the GDMN group and the CON group (p\>0.05).

![mRNA levels of Cav-1, GLUT1, ACC and AMPKα in placenta.\
Realtime-PCR analysis of relative mRNA levels of the genes from the four identified proteins in placenta. Bar graph shows mean ± SD of thirteen samples from each group. Cav-1 (A), GLUT1 (B), AMPKα (C) and ACC (D) indicated the gene names of Caveolin-1, Glucose transporter 1, Adenosine monophosphate-activated protein kinase α and Acetyl CoA carboxylase, respectively. Data displayed as Mean ± SD. \*p\<0.05, \*\*p\<0.01 vs CON group; \#p\<0.05, \#\#p\<0.01vs GDMN group.](pone.0170490.g007){#pone.0170490.g007}

10.1371/journal.pone.0170490.t004

###### mRNA levels of Cav-1, GLUT1, ACC and AMPKα in placenta.

![](pone.0170490.t004){#pone.0170490.t004g}

         Cav-1 (n = 13)                                                                          GLUT1 (n = 13)                                                                            AMPKα (n = 13)                                                                          ACC (n = 13)
  ------ --------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------- -----------------------------------------------------------------------------------------
  CON    1.23±0.25                                                                               0.17±0.05                                                                                 0.60±0.17                                                                               0.18±0.05
  GDMN   0.90±0.12                                                                               0.43±0.08                                                                                 0.35±0.08                                                                               0.17±0.02
  GDMM   0.50±0.10[\*](#t004fn001){ref-type="table-fn"}[^\#^](#t004fn003){ref-type="table-fn"}   0.78±0.18[\*\*](#t004fn004){ref-type="table-fn"}[^\#^](#t004fn003){ref-type="table-fn"}   0.13±0.06[\*](#t004fn001){ref-type="table-fn"}[^\#^](#t004fn003){ref-type="table-fn"}   0.04±0.01[\*](#t004fn001){ref-type="table-fn"}[^\#\#^](#t004fn004){ref-type="table-fn"}

\**p*\<0.05

\*\**p*\<0.01 *vs* CON group

^\#^*p*\<0.05

^\#\#^*p*\<0.01 *vs* GDMN group.

Correlation analysis of NBW with mRNA levels of Cav-1, GLUT1, AMPKα and ACC {#sec026}
---------------------------------------------------------------------------

Correlation results in [Fig 8](#pone.0170490.g008){ref-type="fig"} showed that NBW and placental Cav-1 mRNA levels was negatively correlated in GDMM group (r = -0.5678; p = 0.0430; [Fig 8C](#pone.0170490.g008){ref-type="fig"}), but not in GDMN group (p\>0.05, [Fig 8B](#pone.0170490.g008){ref-type="fig"}). The correlation concerning mRNA of AMPK signaling pathway related proteins and NBW confirmed that GLUT1 mRNA levels was positively related to NBW (p\<0.05, [Fig 8D--8F](#pone.0170490.g008){ref-type="fig"}). while, the mRNA levels of AMPKα (p\<0.05; [Fig 9A--9C](#pone.0170490.g009){ref-type="fig"}) and ACC (p\<0.05, [Fig 9D--9F](#pone.0170490.g009){ref-type="fig"}) were negatively related to NBW in GDMM group but not in GDMN group (p\>0.05).

![The association of Cav-1 and GLUT1 mRNA levels with NBW.\
(A-C) Respectively, Association of Cav-1 mRNA levels with NBW by Pearson correlation analysis in all groups (A; n = 39), GDMN group (B) and GDMM group (C). Positive relationship of GLUT1 mRNA levels and NBW by Pearson correlation analysis in all placenta (D), in GDMN group (E) and GDMM group (F).](pone.0170490.g008){#pone.0170490.g008}

![The association of AMPKα and ACC mRNA levels with NBW.\
No significant relationship between AMPKα mRNA levels with NBW in all groups (A, n = 39) or GDMN group (B) or GDMM group (C). Positive relationship of ACC mRNA levels and NBW by Pearson correlation analysis in all groups (D) and GDMM group (F), but not in GDMN group (E).](pone.0170490.g009){#pone.0170490.g009}

Discussion {#sec027}
==========

GDM has generally been acknowledged as a serious pregnancy complication to harm the fetus. Recent studies reveal macrosomia has a obviously rising trend among GDM-induced adverse pregnancy outcomes \[[@pone.0170490.ref020], [@pone.0170490.ref021]\]. Interestingly, no effective reduction of prevalence of macrosomia is achieved, although the clinical treatment of GDM has been significantly improved \[[@pone.0170490.ref022]--[@pone.0170490.ref024]\]. Previous studies mainly focused on improving maternal glucose homeostasis due to lower concentration difference of maternal-fetal glucose \[[@pone.0170490.ref025]--[@pone.0170490.ref027]\]. Our results indicated that the birth weight of GDM group was still significantly higher than that of the NGT group, in spite of achieving the ideal goal of maternal glycemic control in the third trimester. Combined with the correlation analysis results, there is no doubt that GDM patients have a more important risk factor in the induction of macrosomia than maternal glucose levels.

In addition to concentration difference of maternal-fetal placenta, the levels of the relevant placental transport proteins is also a dominant factor in placental glucose and fatty acid transports \[[@pone.0170490.ref028]\], and closely related to the development of fetal macrosomia \[[@pone.0170490.ref029], [@pone.0170490.ref030]\]. Given the role of Cav-1 and AMPK signaling pathway related proteins in glucose and lipid metabolism, it is important to identify and analyze both the mRNA and protein expression of Cav-1, AMPKα, GLUT1 and ACC in placenta of GDMM, GDMN and CON group and their relationship with NBW.

Strong evidence indicates that GLUT1 is the rate-limiting step in placental glucose transport, thus alteration in GLUT1 expression will have a marked impact on the glucose transport and fetal growth \[[@pone.0170490.ref031], [@pone.0170490.ref032]\]. Collectively, GLUT1 is the key point of the study on GDM placental glucose transport. Just as we conceived, the dysbolism of GDM indeed induced the activation of GLUT1 protein and mRNA expression in placenta. Given the positive correlation between GLUT1 and NBW, we conclude that GLUT1 makes a potential contribution of placental glucose transport to newborn weight in GDM, which may be part of the reason why GDM-induced macrosomias still significantly increase through improving maternal glycemic control in the late pregnancy.

ACC, as the rate limiting enzyme, plays a vital role in the synthesis of fatty acid, mainly phosphorylated by the upstream factor p-AMPK to inhibit fatty acid activation and promote fatty acid oxidation to achieve the reduction of the fatty acid synthesis \[[@pone.0170490.ref033]--[@pone.0170490.ref036]\]. By evaluating the alterations of placenta glucose and fatty acid metabolism related factors, we found that the mRNA and phosphorylation of ACC in GDMM group were significantly inhibited. At the same time, ACC protein levels was increased. Given the association with NBW, we can conjecture that the decreased p-ACC and increased ACC result in the induction of macrosomia via excessive fatty acid synthesis to enhance placental fatty acid transport.

Cav-1 is widely involved in glucose metabolism and closely related to the regulation of the expression of glucose transporters \[[@pone.0170490.ref037]--[@pone.0170490.ref039]\]. The data we collected confirmed that GDM-induced macrosomia had the lowest mRNA and protein levels of Cav-1 and p-AMPK. Moreover, we reported a negative association of Cav-1 vensus GLUT1 and a positive correlation of Cav-1 with p-AMPK, consistent with the role of Cav-1 on AMPK in previous studies. But there was no significant correlation between p-AMPK and GLUT1 protein, which indicated that Cav-1 participates in the process of the reduction of GLUT1 expression independently of the AMPK signaling pathway. Combining with negative relevant relations to NBW, it is reasonable to make a conclusion that Cav-1 may be involved in GDM-induced macrosomia via reduction of GLUT1-mediated glucose metabolism.

In view of the close relationship between Cav-1 and lipid metabolism \[[@pone.0170490.ref040]\], we explored the underlying relationship between Cav-1 and AMPK-mediated fatty acid metabolism in placenta. Our findings showed that Cav-1, p-AMPK and p-ACC were all significantly decreased in GDMM placenta. And Cav-1 was positively associated with p-ACC and p-AMPK protein, which indicated that phosphorylation levels of AMPK and ACC were all decreased with the decreased Cav-1 in placenta, result in excessive placental fatty acid transport. Meanwhile, positive relationship of p-AMPK and p-ACC revealed that the activation of ACC was depended on AMPK signaling pathway. Combined with the positive correlation between Cav-1 and p-AMPK, we conclude that Cav-1 can induce AMPK-mediated lipid metabolism to participate in GDM-induced macrosomia.

In conclusion, our study showed that the protein and mRNA levels of Cav-1 were significantly inhibited in the placenta of GDM-induced macrosomia. Moreover, Cav-1 may involve in GDM-induced macrosomia via the induction of AMPK-mediated placental fatty acid metabolism and the reduction of GLUT1-mediated placental glucose metabolism. However, further research is needed to study the exact mechanism of the Cav-1 in the pathogenesis of GDM and larger studies will be required to clarify the role of Cav-1 on AMPK signaling pathway.
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